Abstract Solar radiation is a dominant driver of snowmelt dynamics and streamflow generation in alpine catchments. A better understanding of how solar radiation patterns affect the hydrologic response is needed to assess when calibrated temperature-index models are likely to be spatially transferable for ecohydrological applications. We induce different solar radiation patterns in a Swiss Alpine catchment through virtual rotations of the digital elevation model. Streamflow simulations are performed at different spatial scales through a spatially explicit hydrological model coupled to a physically based snow model. Results highlight that the effects of solar radiation patterns on the hydrologic response are scale dependent, i.e., significant at small scales with predominant aspects and weak at larger scales where aspects become uncorrelated and orientation differences average out. Such scale dependence proves relevant for the spatial transferability of a temperature-index model, whose calibrated degree-day factors are stable to different solar radiation patterns for catchment sizes larger than the aspect correlation scale.
Introduction
Understanding the hydrologic response of snow-dominated catchments is crucial for water resources management of many dry lowland regions where a large amount of water supply is provided during the snowmelt season [Barnett et al., 2005] . Timing and magnitude of streamflow generation in alpine catchments is strongly related to the spatial and temporal variability of snow depth and ablation [Grünewald et al., 2010] , which interact in controlling the spatial pattern of snow water equivalent (SWE). The recent work of Clark et al. [2011] extensively reviewed the dominant processes controlling SWE distribution in alpine catchments, i.e., snow drifting [Schirmer et al., 2011] , preferential deposition , vegetation [Trujillo et al., 2009 ], melt energy [DeBeer and Pomeroy, 2010] , and climate [Trujillo and Molotch, 2014] . Pomeroy et al. [2003] and Ellis et al. [2013] observed that the SWE distribution is significantly influenced by hillsope aspect, which acts as a main control on incoming solar radiation [see, e.g., Garnier and Ohmura, 1968] .
The influence of catchment geomorphology has also been widely investigated in relation to rainfall-runoff transformation [e.g., Rodríguez-Iturbe and Valdes, 1979; Gupta et al., 1980; Rinaldo et al., 2006] . The structural complexity of the river network, i.e., the heterogeneity of paths available for hydrologic runoff, generates the so-called geomorphologic dispersion [Rinaldo et al., 1991; Rinaldo and Rodriguez-Iturbe, 1996] . This effect sums up to the kinematic dispersion, which stems from the systematic variability of the advective transport processes, becoming asymptotically predominant when the basin scale becomes much larger than the mean hillslope size [Saco and Kumar, 2002; Botter and Rinaldo, 2003] . More recently, signatures of catchment geomorphology were investigated for base flow recession curves [Biswal and Marani, 2010; Mutzner et al., 2013] , for streamflow peaks [Rigon et al., 2011] , and for nonstationarity in flood frequency [Slater et al., 2015] .
The control exerted by a branching river network on the snowmelt-driven hydrologic response of alpine catchments has, however, not been studied so far. The presence of such a network may be particularly effective in connecting different source areas and in averaging out the heterogeneity of snowmelt processes. We therefore investigate whether the spatial distribution of solar radiation, altered artificially by virtual rotations of the digital elevation model (DEM), leaves a detectable hydrologic signature at different spatial scales. We conduct the study by applying a spatially explicit hydrologic response model coupled to a detailed physical 10.1002/2015GL064075 snow model. The relevance of this study is both theoretical, as the link between solar radiation distribution and hydrologic response is still largely unexplored, and practical, as it explains why carefully calibrated temperature-index models [Hock, 2003] , in which the aspect is not explicitly accounted for, may be spatially transferable when applied to sufficiently large catchments.
In section 2, we introduce the modeling approach and the virtual experiments carried out to investigate the scale-dependent signature of radiation patterns. Section 3 describes the case study of the Alpine Dischma catchment (Grisons, Switzerland) and the model setup. Section 4 presents the results and discusses the role of solar radiation patterns in relation to different spatial scales.
Methods

Modeling Approach
Alpine3D is the fully distributed physically based model of snow processes developed at the WSL Institute for Snow and Avalanche Research, SLF (Davos, Switzerland). The meteorological data measured by automatic weather stations are spatially interpolated with the MeteoIO library [Bavay and Egger, 2014] to provide the necessary boundary conditions. The near surface processes are modeled based on a DEM and a land use model, whose resolution determines the size of the cells for the surface disctretization. Alpine3D consists of two three-dimensional modules, i.e., the radiation balance model and the snow drift model, and of the one-dimensional module Snowpack [Schmucki et al., 2014] , which simulates vertical transport of mass and energy in vegetation, snow, and soil for every cell of the grid. All these model components are described in detail in Lehning et al. [2006] . In particular, the radiation module is based on the so-called view-factor approach, which allows for a physically based simulation of the radiation balance on steep terrains in combination with spatially distributed information of surface processes [Helbig et al., 2010] . The snow transport module, introduced by Lehning et al. [2008] , simulates the saltation process with the equilibrium saltation model of Doorschot et al. [2004] and the advection-diffusion process with the streamline upwind Petrov-Galerkin technique [Brooks and Hughes, 1982] . The one-dimensional Snowpack model predicts snow development with fine stratigraphic details, solving the heat transport equation and the Richards equation in the vertical direction using a finite element method [Wever et al., 2014] . Snowpack has been extended with a canopy module based on the big leaf concept, which simulates radiative and turbulent heat exchange between the vegetation and the snow/soil surface, evaporation of intercepted water, transpiration, and evaporation from the land surface [Musselman et al., 2012; Gouttevin et al., 2015] . The spatially explicit hydrologic module, described in detail in Comola et al. [2015] transforms the sequence of snowmelt pulses into streamflow time series at all nodes along the river network. The underlying hydrological processes are described by mass balance equations at subcatchment scale, i.e., within the catchment portions draining into individual reaches of the network. The model hinges on the stream network delineation provided by the analysis of the DEM and can thus account for arbitrary degrees of geomorphological complexity. The formulation of water transport is based on a travel time framework, accounting for water moisture dynamics and water age mixing processes . The mean travel times are assumed to scale with the subcatchment area according to Alexander [1972] and Pilgrim et al. [1982] . Although the full snow transport module is not used for hydrological applications due to the very high resolution and computing capacity required, Alpine3D has been shown to provide reliable snowmelt predictions in numerous studies related to snow hydrology [see, e.g., Bavay et al., 2009 Bavay et al., , 2013 .
Virtual Experiments
The effect of solar radiation patterns on the hydrologic response is analyzed through virtual experiments where the reference DEM of the catchment is rotated maintaining the relative positions of the weather stations. Accordingly, every rotation changes the aspects of the hillslope pixels and thus the pattern of incoming solar radiation, but preserves the spatial distribution of the other meteorological variables, i.e., wind speed and direction, air temperature, soil temperature, longwave radiation, relative humidity, and precipitation. This procedure results in different spatial distributions of snowmelt but does not affect the snow accumulation pattern. We rotate the DEM of the study catchment 3 times by 90 ∘ and simulate snowmelt dynamics and streamflow generation in the four resulting configurations. A similar rotation procedure was also adopted by Taesam et al. [2015] to study the directional influence of moving storms on basin response. It is noteworthy that, in real environments, different slope configurations also affect wind and deposition patterns, inducing aspect-dependent differences in vegetation and soil development, with relevant hydrologic implications.
COMOLA ET AL.
HYDROLOGIC SIGNATURE OF SOLAR RADIATION The scale-dependent effect on the hydrologic response is analyzed by simulating the streamflow at selected network nodes that drain progressively larger areas of the catchment. Each of these nodes drains a welldefined catchment having a characteristic size d (m) related to its drainage area A (m 2 ) according to the rela-
is the diameter of the equivalent circular shape of the drained area. Regardless of the proportionality constant, d ∝
√
A is a scaling expression commonly used to compare the characteristic size of a catchment to the spatial scale of the meteorological forcing. Nicótina et al. [2008] adopted, for instance, a similar approach to study the influence of rainfall spatial correlation on the hydrologic response. Here we compare the characteristic size d to the correlation scale of the pixel aspects, which represents the distance at which the maximum spatial variability of aspects is sampled. A commonly used tool to estimate the correlation scale of random fields is the variogram [Tate and Atkinson, 2001] , which can be numerically computed based on DEMs.
Case Study and Simulation Setup
The Dischma catchment spans 43.3 km 2 and is located in the Swiss Alps. The outlet is located at Dischma Kriegsmatte and the elevation ranges from 1677 to 3130 m. Thirty-six percent of the land surface is covered by alpine meadows, 34% is rock covered, and the remaining fraction is mainly occupied by forest and bushes; 2% of the catchment area is currently glacier covered (more detailed information on the catchment can be found in, e.g., Zappa et al. [2003] ). The absence of large forested areas in the catchment reduces the sources of variability of incoming radiation [see, e.g., Musselman et al., 2013] and establishes a more direct connection between aspect and radiation patterns. In the first Alpine3D study, Lehning et al. [2006] already showed the substantial influence of the topography-controlled solar radiation pattern on the snowmelt in the Dischma catchment.
The aspect maps for the four studied solar radiation distributions, which will be addressed hereafter as configurations A, B, C, and D, are given in Figure 1a . The geomorphological analysis of the catchment is performed with the Taudem routines [Tarboton, 1997] , applied to a 25 m resolution DEM, and delineates a stream network with 55 subcatchments (Figure 1b ). An Alpine3D simulation is carried out for the period October 2004 to October 2005, such that a snow-free surface can be prescribed as initial condition. The small glaciated area is initialized by providing ice depth at the corresponding pixels. The study catchment is discretized with squared elements of 100 m side length. The spatial distribution of the meteorological forcings, performed with a Kriging geostatistics interpolation, hinges on the hourly records of 18 high Alpine automatic weather and snow stations (Interkantonales Messund Informationssystem, IMIS), deployed in the area by the WSL Institute for Snow and Avalanche Research (SLF) in cooperation with the Swiss mountain cantons. The hydrologic response module runs with the parameter set reported in Comola et al. [2015] , which was calibrated for the year 2012 against the streamflow at the outlet of the Dischma catchment and validated for the year 2013.
The progressively larger catchment portions considered in the analysis of the scale dependance are shown in Figure 1b , together with the corresponding size d. Catchment portions having darker colors are nested within the ones having lighter color, such that the drainage area progressively increases along the selected nodes. Even though streamflow measurements were not available for all the selected sections, the model setup can confidently provide reliable streamflow simulations at the intermediate network nodes owing to the physical description of distributed snow processes and the spatially explicit setup that accounts for drainage areas in the scaling of the travel times. Figure 1c shows the numerical variogram along with a fitted exponential model for visualization purposes. In the computation of the numerical variogram, the aspect field is treated as isotropic [Cressie and Cassie, 1993] . This procedure provides a simple yet meaningful estimation of the correlation scale. Figure 1c shows that the variance reaches a threshold at distances of the order of 3 km (A ≃ 7 km 2 ). The nodes corresponding to the first three catchment portions analyzed lie below this threshold, while the characteristic size of the fourth one is approximately equal to this correlation scale. The variograms computed for other catchments of similar size in the Swiss Alps present similar trends (see supporting information), suggesting that the decorrelation of aspects at certain scales is a typical feature in Alpine environments. The numerical variogram shown in Figure 1c is obtained by applying a random sampling to all pixels. This sampling technique is known to be the source of spurious nugget effects, as visible in Figure 1c at short lags, which however does not affect the estimation of the correlation scale [Weng, 2002] .
Results and Discussion
The results in terms of specific streamflow are shown in Figure 2 , where the signals during the snowmelt phase are given for the different catchment configurations and spatial scales. We observe that, at the smallest scale (Figure 2a) , the effect of solar radiation distribution is evident during both the two major streamflow events, having their peaks in late May and late June, respectively. As shown in Figure 1a , the considered subcatchment is forced to change from east facing, to north, west, and south facing through the three rotations. In May, when snowmelt is only energy limited, the streamflow increases as a function of the incoming solar radiation. Accordingly, the largest streamflow increase is observed for the east and south facing configurations (A and D) , showing values up to 50% larger than the north facing and west facing configurations (B and C) at the end of May. In June, instead, snowmelt is partly energy limited and partly limited by the available snow. The largest streamflow occurs, in fact, for the north and west facing configurations (B and C), which receive less energy but have more snow available due to lower melt during the previous event. During this second streamflow event, the maximum difference among the tested configurations occurs at the end of June and is estimated around 30%. The above analysis illustrates how the interplay of energy limitation and storage limitation influences the hydrologic response of a subcatchment with a dominant aspect. At progressively increasing spatial scales, the distribution of the aspect is more heterogeneous, thereby preventing a straightforward interpretation of the results. Nevertheless, Figure 2b shows that the hydrologic response is still sensitive to the spatial distribution of solar radiation up to a scale of around 1.2 km (A ≃ 1 km 2 ), where the combined effects of energy and storage limitation enhances the differences among the configurations. Figure 2c shows that at scales of around 2.0 km (A ≃ 3 km 2 ) the differences in the two snowmelt peaks become very small. At scales of around 3.8 km (A ≃ 11 km 2 ), small variations are visible only during the second snowmelt peak (Figure 2d ) and they completely disappear at larger scales (Figure 2e ). Here the size of the catchment is such that the spatial variability of aspects is fully sampled in all the tested configurations. Accordingly, we argue that different spatial patterns of snowmelt resulting from different distributions of solar radiation do not influence catchment-scale streamflows, provided that the drainage area is large enough with respect to the aspect correlation scale. These observations are similar to the results obtained by Nicótina et al. [2008] , who analyzed the impact of different rainfall patterns on the hydrologic response at catchment scale. They observed that, for catchments where Hortonian overland flow is negligible, the exact spatial distribution of rainfall is immaterial to the streamflow signal at the outlet, provided that the rainfall spatial average is conserved.
To provide a deeper insight into the observed scale dependence, we averaged in time the spatially distributed values of incoming solar radiation, snowmelt, and specific streamflow during the peak of the first snowmelt event (25 May to 1 June) and plotted the corresponding coefficient of variation across the four different configurations (Figure 3) . The coefficient of variation of SWE is shown and discussed in the supporting information. Significant variations in the solar radiation pattern occur across the ridges of the catchment (Figure 3a) , where the terrain is steeper and aspects change significantly as a result of the rotations, while almost no differences are observed at the bottom of the valley. Accordingly, a similar pattern is observed for the coefficient of varia- tion of snowmelt (Figure 3b ). Figure 3c suggests that headwater streams generally exhibit a larger coefficient of variation, and therefore a large sensitivity to changes in solar radiation patterns, which is thereafter progressively lost toward the outlet. Figure 4a shows the coefficient of variation of specific streamflow at the nodes of the river network versus the catchment size at the corresponding nodes. It is observed that different solar radiation patterns have an influence on the hydrologic response up to a characteristic catchment size of the order of the aspect correlation scale. The reason of the scatter observed for small catchment sizes lies in the slope-dependent aspect variations induced by the DEM rotations. Accordingly, these rotations produce larger streamflow variations in steep subcatchments.
The relevant implications on the spatial transferability of temperature-index models are shown by applying the spatially explicit model SEHR-ECHO, described in detail in Schaefli et al. [2014] , which simulates the snow processes through a simple degree-day approach. In a first stage, all the 12 parameters of SEHR-ECHO were calibrated to match the streamflow computed by Alpine3D at the catchment outlet during the year 2005. For this calibration, the parameter set that maximizes the Nash-Sutcliffe efficiency is chosen among 35,000 randomly generated parameter sets. In a second step, a degree-day factor is calibrated for each network node by maximizing the Nash-Sutcliffe efficiency computed on the log-transformed streamflows, in order to reduce the spurious sensitivity to rainfall-driven peak flows. We repeated this second step for all the four configurations, A, B, C, and D, and plotted the corresponding degree-day factors as a function of the catchment size in Figure 4b . Results highlight that the calibrated degree-day factors are sensitive to solar radiation Schaefli et al., 2014] , calibrated to match the streamflow computed by Alpine3D, versus the catchment size at the corresponding nodes. The catchment size is given both in terms of drainage area A and characteristic size d for comparison with the aspect correlation scale. Only the points corresponding to a Nash-Sutcliffe efficiency higher than 0.5 are shown (94% of the total). distribution at small scales, where points belonging to different configurations are spread out, while they stabilize at catchment sizes of the order of the aspect correlation scale. Previous studies have investigated the sources of variability in the degree-day factors, identifying solar radiation as one of the most relevant [see, e.g., He et al., 2014, and references herein] . Therefore, we argue that the stabilization of the degree-day factors beyond the aspect correlation scale is strictly related to the scale-dependent effects of solar radiation patterns on the hydrologic response.
Conclusions
This paper investigated the role of solar radiation distribution in the hydrologic response of Alpine catchments characterized by progressively larger drainage areas. The study was carried out numerically with a spatially explicit hydrological model coupled to a physically based snow model. Different solar radiation distributions were induced by virtual rotation of the catchment DEM. The relative positions of the meteorological stations were preserved in the rotations in order to change the snowmelt pattern without influencing the snow accumulation distribution.
The spatial analysis of the simulated streamflows showed that the signature of solar radiation patterns on the hydrologic response is scale dependent, i.e., significant when the characteristic size of the catchment is smaller than the correlation scale of the aspects and almost inexistent when the catchment size is larger. Our analysis also suggested that such scale dependence has an impact on the calibration of temperature-index models, whose degree-day factors might show variability at small scales but stabilize for catchment sizes larger than the correlation scale of aspects. Even though the presence of large forested areas may introduce an additional source of variability for the distribution of incoming solar radiation, and therefore for the degree-day factors, the results suggest that different solar radiation patterns do not impair the spatial transferability of temperature-index models for hydrological simulations of catchments larger than a reference length scale defined by their aspect spatial distribution.
